Reduction/elimination of HIV-1 reservoirs that persist despite combination antiretroviral therapy (cART) will likely require induction of viral expression by residual infected cells and enhanced clearance of these cells. TLR7 agonists have potential to mediate these activities. We evaluated immunologic and virologic effects of repeated doses of the TLR7 agonist GS-9620 in SIV-infected rhesus macaques receiving cART, which was initiated at 13 days after infection and was continued for 75 weeks prior to GS-9620 administration. During cART, GS-9620 induced transient upregulation of IFN-stimulated genes in blood and tissues, increases in plasma cytokines, and changes in immune cell population activation and phenotypes but did not result in measurable increases in plasma viremia or viral RNA-to-viral DNA ratio in PBMCs or tissues nor decreases in viral DNA in PBMC or tissues. SIV-specific CD8 + T cell responses, negligible prior to GS-9620 treatment, were not measurably boosted by treatment; a second course of GS-9620 administration overlapping with later cART discontinuation was associated with increased CD8 + T cell responses during viral recrudescence. These results confirm and extend evidence for GS-9620-mediated enhancement of antiviral immune responses in SIV-infected macaques but suggest that GS-9620-mediated viral induction may depend critically on the timing of initiation and duration of cART and resulting characteristics of viral reservoirs.
Introduction
Although combination antiretroviral therapy (cART) can effectively suppress ongoing HIV-1 replication for many years, currently available agents can only inhibit new rounds of infection and cannot directly eliminate already infected cells. Cellular sources of replication-competent HIV-1, i.e., "viral reservoirs," therefore persist despite long-term cART. These long-lived sources of replication-competent virus can initiate viral recrudescence and the reestablishment of disseminated, ongoing viral replication if cART is discontinued (1, 2) . Thus, although modern cART is highly effective (3), lifelong treatment with antiretroviral drugs is required for the vast majority of infected people. Such lifelong treatment comes at considerable financial cost, and concerns remain over global access to treatment and compliance for many decades of daily drug administration (4, 5) . In addition, effectively treated individuals maintain elevated levels of immune activation and higher rates of non-AIDS morbidities than uninfected people (6) , and some of these issues may be due to the continued presence of virally infected cells in treated people (7) (8) (9) (10) . For these reasons, there is a substantial scientific effort to identify definitive treatment approaches for HIV infection that would obviate the need for lifelong cART. CD4 + T cells harboring replication-competent virus can be isolated from infected individuals after decades of suppressive therapy and are a primary component of the viral reservoir (11) (12) (13) (14) . Persistence of these cells can be largely attributed to two nonmutually exclusive mechanisms: prolonged survival of resting, latently infected cells (12) (13) (14) (15) , and the cell division and clonal expansion of cells with integrated Reduction/elimination of HIV-1 reservoirs that persist despite combination antiretroviral therapy (cART) will likely require induction of viral expression by residual infected cells and enhanced clearance of these cells. TLR7 agonists have potential to mediate these activities. We evaluated immunologic and virologic effects of repeated doses of the TLR7 agonist GS-9620 in SIV-infected rhesus macaques receiving cART, which was initiated at 13 days after infection and was continued for 75 weeks prior to GS-9620 administration. During cART, GS-9620 induced transient upregulation of IFN-stimulated genes in blood and tissues, increases in plasma cytokines, and changes in immune cell population activation and phenotypes but did not result in measurable increases in plasma viremia or viral RNA-to-viral DNA ratio in PBMCs or tissues nor decreases in viral DNA in PBMC or tissues. SIV-specific CD8 + T cell responses, negligible prior to GS-9620 treatment, were not measurably boosted by treatment; a second course of GS-9620 administration overlapping with later cART discontinuation was associated with increased CD8 + T cell responses during viral recrudescence. These results confirm and extend evidence for GS-9620-mediated enhancement of antiviral immune responses in SIV-infected macaques but suggest that GS-9620-mediated viral induction may depend critically on the timing of initiation and duration of cART and resulting characteristics of viral reservoirs. viral genomes (16) (17) (18) (19) (20) . Ongoing viral replication, particularly within tissues in which cART penetration may be suboptimal, has also been proposed as a potential mechanism for viral persistence (7, 9, (21) (22) (23) (24) , but current data do not support this mechanism as a substantive contributor of viral persistence (8, (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) . A stable reservoir of latently infected CD4 + T cells is likely the chief obstacle to HIV-1 remission or viral eradication. This pool of latently infected cells poses a challenging therapeutic target for interventions designed to eliminate it because it is composed of cells that are essentially indistinguishable from uninfected cells.
Efforts to reduce or eliminate these residual infected CD4 + T cells therefore generally involve two broad goals: (a) stimulate the induced production of viral gene products from residual infected cells (i.e., latency reversal) to allow for their targeting by immune-mediated or other means and (b) engender or enhance antiviral immune responses or employ other targeting approaches with the capacity to eliminate targeted cells. To date, most in vivo studies of potential viral cure/eradication modalities have involved evaluations of agents proposed to only achieve one of these two goals, with the expectation that a combination of promising approaches will then be required to identify a successful reservoir reduction/elimination strategy. For this reason, single agents with the potential to both reactivate virus and enhance the killing of cells expressing viral gene products are highly sought after. Indeed, as some latency-reversing agents have been suggested to have undesirable, potentially immunosuppressive properties (35) (36) (37) (38) , a potent latency-reversing agent that instead enhances antiviral immune responses would be a highly valuable component of an HIV cure strategy.
A recent report by Lim and coworkers showed promising results for both the potential viral reactivation activity and immune-boosting capacity of TLR7 agonists in SIV-infected macaques (39) . The small-molecule TLR7 agonists GS-9620 (Vesatolimod) and GS-986 (Vesatolimod analog) were orally administered once every 2 weeks to SIVmac251-infected rhesus macaques that received cART starting 65 days after infection (dpi) and given for approximately 400 days prior to the first dose of TLR7 agonist. The authors reported activation of innate and adaptive immune cell populations and transient increases in plasma SIV RNA (i.e., "blips") after TLR7 agonist administrations, following an induction phase of several initial TLR7 agonist doses without any apparent plasma virus blips. This finding, coupled with apparent reductions in viral DNA (vDNA) levels in peripheral blood mononuclear cells (PBMCs) and tissues and reductions in the amount of viral RNA (vRNA) produced by stimulated cells in ex vivo cell cultures following multiple doses of TLR7 agonist, was suggestive of drug activity that both induced the reactivation (or increased activation) of virus expression by residual infected cells and enhanced the clearance of these cells, perhaps through boosting of immune responses. Most intriguingly, in 2 of 9 animals released from cART following multiple TLR7 agonist doses, there was no measurable virologic rebound during follow-up, which included the experimental antibody-mediated depletion of CD8 + cells and the adoptive transfer of cells from these 2 animals into naive recipients, which also remained aviremic.
Given these findings, which were broadly consistent with prior in vitro studies indicating modest virus induction activity for GS-9620 (40) , and remaining questions about the in vivo mechanism of action for TLR7 agonists, particularly in tissues, we evaluated GS-9620 treatment in a cohort of SIV-infected rhesus macaques that were started on cART at approximately peak viremia (day 13 after infection) and maintained on suppressive therapy for a longer duration prior to the initiation of GS-9620 dosing. We reasoned that earlier and longer cART administration prior to GS-9620 dosing, would establish smaller viral reservoirs in our animals and preserve a more intact immune system, thereby increasing the likelihood of viral remission, similar to that seen in the Lim et al. study (39) .
Results
Study design and virologic suppression on cART. Six Indian-origin rhesus macaques were intravenously infected with SIVmac239X (41) and treated with an effective cART regimen (42) starting at 13 dpi (i.e., approximately at peak viremia; Figure 1 ). Plasma viral loads (pVLs) declined from peak levels of 1.1 × 10 7 to 8.7
× 10 7 vRNA copies/ml prior to cART initiation to <30 vRNA copies/ml within 7-20 weeks of cART initiation ( Figure 2 ). Starting at 48 weeks after treatment initiation, a more sensitive pVL assay with a quantification limit of 15 vRNA copies/ml was employed for the remainder of the study. Between 20 and 73 weeks on cART, only 5 of 161 plasma samples analyzed across all animals had detectable vRNA levels above assay threshold quantification limits (i.e., >30 vRNA copies/ml between 20 and 46 weeks or >15 vRNA copies/ml between 48 and 75 weeks on cART) (Figure 2) . After approximately 1.5 years (75 weeks) of cART, at which point the animals had been well suppressed for 55-68 weeks, the animals were divided into GS-9620 (n = 4) and vehicle control (n = 2) treatment groups. For the first course of GS-9620 treatments, consisting of 12 doses in total (cycle 1, doses 1-12; designated as 1.1 to 1.12) administered concomitantly with cART, each animal received 2 doses of GS-9620 at 0.15 mg/kg (doses 1.1 to 1.2) followed by 10 doses at 0.5 mg/kg (doses 1.3 to 1.12) (Figure 1 ). GS-9620 doses were administered once every 2 weeks, except for a 3-week gap between doses 1.9 and 1.10, due to the collection of biopsy specimens following dose 1.9. Animals were then maintained on cART without GS-9620 administrations for a 40-to 41-week rest period, followed by a second course of GS-9620 dosing, consisting of another 5 doses (cycle 2, doses 1-5; designated as 2.1 to 2.5) administered at 0.15 mg/kg and overlapping with cART discontinuation. The final cART administration was concomitant with GS-9620 dose 2.3, with doses 2.1 and 2.2 occurring on cART and doses 2.4 and 2.5 occurring after cART cessation. Vehicle control animals received an equivalent volume of drug vehicle on the same schedule as GS-9620 treatments and were otherwise treated the same as the GS-9620 group. In total, all 6 animals received suppressive cART for 144 weeks or approximately 2.75 years. The cART regimen was well tolerated in all animals throughout the treatment period, with no serum chemistry abnormalities noted (data not shown).
GS-9620 activity in vivo. TLR7 stimulation results in type I IFN production by plasmacytoid dendritic cells (43) . Effective engagement of TLR7 by GS-9620 has accordingly been shown to result in the upregulation of specific IFN-stimulated genes (ISGs) (40, (44) (45) (46) (47) . Therefore, to assess the in vivo pharmacodynamic activity of GS-9620, we utilized an ISG mRNA expression array to compare responses in PBMCs collected from GS-9620-treated and vehicle control animals immediately prior to and at 24 hours after administration of the first 8 doses of GS-9620. At the 24-hour time point, multiple ISGs were substantially upregulated in the GS-9620-treated animals compared with vehicle control animals, including a significantly greater upregulation of ISG15, IFI27, IFIT3, CXCL10, MX1, IRF7, OAS2, and MX2 ( Figure 3 and Supplemental Figure 1 ; supplemental material available online with this article; https://doi.org/10.1172/ jci.insight.127717DS1). Among these genes, the greatest mean magnitude of upregulated expression was measured for ISG15 (112-fold), followed by IFI27 (63-fold), IFIT3 (37-fold), CXCL10 (32-fold), MX1 (20-fold), IRF7 (18-fold), OAS2 (17-fold), and MX2 (16-fold; Figure 3 ).
We also measured significantly higher levels of several cytokines in the plasma of GS-9620-treated animals compared with controls at 24 hours after GS-9620 administration. Plasma cytokine levels were measured immediately prior to and at 24 hours after GS-9620 doses 1.1 to 1.7 and doses 1.10 to 1.12 ( Figure 4) . Plasma IFN-α, IL-1RA, and CXCL11 (also known as I-TAC) levels were all significantly higher in the GS-9620-treated animals compared with the control animals across the 24-hour time points (Figure 4 ). There was also a trend toward a small (~3-fold) increase in plasma TNF-α levels across the 24-hour time points in the GS-9620-treated animals, but this increase in TNF-α levels was not significantly different than that in the control animals, likely due to a consistent lack of a measurable TNF-α response in 1 of the GS-9620-treated animals (Supplemental Figure 2 ) Consistent with these induced increases being transient and returning to baseline shortly after each GS-9620 dose, there were no differences between the treatment groups across the 10 before dose time points.
Because the majority of viral reservoirs likely reside in tissues (48), we also evaluated the pharmacodynamic activity of orally administered GS-9620 in lymph nodes (LNs), upper gastrointestinal (GI) tissue, and rectal tissue ( Figure 5 ). Immunohistochemical staining for ISG15 protein was performed on tissue specimens collected prior to the first dose of GS-9620 and at 24 hours and 48 hours following dose 1.9. ISG15 staining was indistinguishable between the GS-9620 and control groups prior to GS-9620 dosing; however, ISG15 levels transiently increased in GS-9620 animals but not control animals at 24 hours after GS-9620 dose before declining to near-baseline levels by 48 hours after dose, consistent with drug activity in key sites harboring viral reservoirs ( Figure 5 ). In LNs, ISG15 was elevated not only in the T cell zone, but also in the LN follicles ( Figure 5A ), a tissue site that has been proposed as a key sanctuary site for viral reservoir persistence (49) (50) (51) (52) (53) (54) (55) .
Immunologic responsiveness to GS-9620 administrations. We longitudinally monitored multiple immune cell subsets in blood by flow cytometry prior to and at 24 and 48 hours following each of the 12 doses constituting the first course of GS-9620 (doses 1.1 to 1.12). Overall, the most pronounced responses to GS-9620 were measured at 24 hours after each dose, with many parameters returning to baseline or near-baseline levels by 48 hours. CD8 + T cell counts in blood transiently decreased by an average of 2.9-fold (mean decline of 648 CD8 + T cells/μl) and were significantly lower in GS-9620-treated animals than in control animals at 24 hours after dose ( Figure 6A ). By contrast, there was no difference in CD8 + T cell count between the groups across the pretreatment and 48-hour time points ( Figure 6A ), and the frequency of CD8 + T cells expressing the lymphoid homing markers CCR7 and CXCR5 was elevated at 24 hours after dose (Supplemental Figure 3) , suggesting that the transient decrease in CD8 + T cell count reflected redistribution of the cells from the blood, rather than their loss. CD8 + T cell activation was also modulated by GS-9620 treatment. CD38 expression (mean percentage of CD38 + increasing from 71% to 90%) was significantly elevated in the GS-9620-treated animals compared with the vehicle control animals across the 24-hour and 48-hour time points ( Figure 6A ). Coexpression of CD38 and HLA-DR on CD8 + T cells was also significantly upregulated across the 24-hour and 48-hour time points in GS-9620-treated animals compared with controls (Supplemental Figure 4) . Although there were no significant differences in CD4 + T cell counts between the treated and control groups, there was a trend toward elevated CD38 positivity in the GS-9620-treated animals' CD4 + T cells at 24 hours after dose (P = 0.073; Figure 6B ). Several innate immune cell populations also responded to GS-9620 treatment. Similar to CD8 + T cells, total NK cell counts were significantly lower in GS-9620-treated animals than in control animals across the 24-hour time points but not before treatment or at 48 hours after dose ( Figure 6C ), with an approximately 10-fold average decline (mean decline of 332 NK cells/μl) in NK cell counts at 24 hours. Similar to CD8 + T cell counts, the brief, transient nature of this dramatic decline in blood NK cell count, coupled with an elevated frequency of CCR7-and CXCR5-expressing NK cells at 24 hours after GS-9620 administration (Supplemental Figure 3B ), was suggestive of NK cell redistribution into tissues rather than cell loss. HLA-DR surface expression, a marker of NK cell activation, was also significantly elevated at 24 hours, though this was only observed on CD56 +
CD16
-but not CD56 -CD16 + NK cells (mean percentage of HLA-DR + increasing from 3.2% to 7.5%; Figure 6C and Supplemental Figure 5 ). The most striking effects of GS-9620 treatment were observed in circulating monocyte/macrophage (M/M) populations. Although CD56 is viewed as an NK cell marker in humans, in healthy macaques, the vast majority of M/M in the blood typically express CD56 (56) . Although there were no differences in total M/M counts between the treatment groups across any of the measured time points ( Figure 6D ), there was a dramatic inversion in the percentage of M/M cells expressing CD56 and those expressing CD16 following GS-9620 administration ( Figure  6D ). When compared with the corresponding pretreatment time points in GS-9620-treated animals, across the 24-hour time points, the percentage of M/M that were CD56 
-M/M population was significantly lower while the inverse percentage of the CD56 -CD16 + M/M population was significantly higher in the GS-9620-treated animals compared with the control animals across the 24-hour time Figure 1 . Study schema. Study design, including timing of cART initiation (gray downward arrow), tissue sampling (Bx, purple arrows), GS-9620 administrations (red arrows), and cART cessation (gray upward arrow), is shown. GS-9620 dose for each administration is indicated by arrow color. All 6 study animals were treated as shown, with the exception that the 2 vehicle control animals received only drug vehicle instead of GS-9620 at each of the GS-9620 treatment time points. The asterisk indicates that doses 1.1 through 1.12 were administered at 2-week intervals, except for dose 1.10, which was administered 3 weeks after dose 1.9.
points, with no differences between the groups at the pretreatment time points. Although the magnitude of the differences between the treatment groups were less pronounced at 48 hours after dose, the percentage of M/M that were CD56 -CD16
+ were still significantly elevated in the GS-9620 treatment group at this time point. The percentage of M/M that were CD56 +
-was also markedly lower at 48 hours in the treated animals compared with the control animals. Due to the heteroscedasticity introduced by the extreme sustained responses measured in treated animal ZH34, this latter result was not significant. If this animal, with the most pronounced effect at 48 hours, is omitted from the analysis, the difference between the GS-9620 and control groups is highly significant (P = 0.005). Taken together, these findings show clear responses to GS-9620 dosing by multiple immune cell populations in the treated animals and further confirm that biologically active doses of the drug were administered.
Virologic activity of GS-9620. SIV RNA was quantified in plasma samples collected immediately prior to each GS-9620 dose and then at 24 hours, 48 hours, and 7 days following each of the 12 doses of GS-9620 cycle 1 ( Figure 7A ). There were no increases in pVL measurements in association with GS-9620 dosing. SIV RNA levels were maintained below 15 vRNA copies/ml throughout the 12 doses of GS-9620 for all 6 animals, except for a single blip in 1 GS-9620-treated animal and 2 blips in 1 vehicle control animal. In GS-9620-treated animal ZI18, we measured 30 vRNA copies/ml plasma at 48 hours after dose 1.7, the fifth dose administered at 0.5 mg/kg. In control animal ZH37, we measured 30 vRNA copies/ml at 48 hours after vehicle administration 1.1 and 40 vRNA copies/ml at 48 hours after vehicle administration 1.11. In both cases, the measured increase in pVL was transient, with levels returning to <15 copies/ml by the next assayed time point; all these blips were lower than the nominal 50-copy/ml assay sensitivity cutoff based on the assay used in the Lim et al. study (39) . We note that the single GS-9620 animal that exhibited a plasma viremia blip following dose 1.7 had a similar blip of 30 vRNA copies/ml 5 weeks prior to the first dose of GS-9620 (i.e., 87 weeks after cART initiation).
Because the animals in this study started on suppressive cART relatively early after infection (13 dpi) and were then maintained on cART for nearly 1.5 years prior to GS-9620 dosing, it was possible that the inducible viral reservoir was too small to produce enough virus to result in a measurable change in pVLs, even if reactivated. We therefore also quantified cell-and tissue-associated vRNA and vDNA, both extracted from the same specimens, and calculated the ratio of these 2 values as a measure of viral transcriptional activation. We did not observe any consistent increases in CD4-normalized vRNA levels (Supplemental Figure 6 ) or viral transcriptional ratios ( Figure 7B ) at 24 or 48 hours after dose in the PBMCs of GS-9620-treated animals, as might be expected if robust viral reactivation had occurred. For the GS-9620-treated animals, the mean transcriptional ratios (vRNA copies/vDNA copy) at pretreatment, 24-hour, and 48-hour time points were 0.58, 0.68, and 0.46, respectively, while for the control animals the pretreatment, 24-hour, and 48-hour mean transcriptional ratios were 0.35, 0.3, and 0.32, respectively. Similarly, in LN, upper GI, and rectal tissue, there were no apparent GS-9620-associated Figure 2 . Plasma viral loads prior to GS-9620 administration. Longitudinal SIV RNA quantification in plasma is shown for the first 75 weeks of the study, which includes time points from before cART through the first 73 weeks on cART (plot region with a gray background). Red plots are for animals later treated with GS-9620; blue plots are for vehicle control animals. The plasma viral load assay used was switched from one with a 30 vRNA copy/ml threshold sensitivity to one with a 15 vRNA copy/ml threshold sensitivity at the indicated time point. Plasma viral load data for these 6 animals through the first 42 weeks have been reported previously (42) .
differences in the transcriptional ratios calculated for samples collected prior to GS-9620 dosing and at 24 hours and 48 hours after dose 1.9 ( Figure 7C ).
Although our virologic measurements did not suggest viral reactivation in association with GS-9620 administration, we compared vDNA levels in PBMCs and in tissues to determine if vDNA levels declined after multiple doses of GS-9620. Immediately prior to GS-9620 administration, vDNA levels in PBMCs ranged from approximately 70-180 copies per 10 5 cell equivalents ( Figure 8 ). There were no consistent changes in vDNA levels across animals after all 12 doses of GS-9620. Two GS-9620-treated animals demonstrated a modest decline in measured vDNA levels (lower by less than 3-fold; 55%-62% lower) while the measured vDNA levels in the other two treated animals were higher by 1.7-to 1.9-fold (70%-90% higher) (Figure 8 ). In the control animals, vDNA levels in PBMCs declined by 1.2-to 1.8-fold (14%-43% lower) after 12 vehicle doses ( Figure 8 ). We similarly did not measure any consistent reductions in vDNA levels in LNs or upper or lower GI tissues following multiple GS-9620 doses. LN, upper GI, and lower GI tissue biopsy specimens were collected from each animal prior to GS-9620 dose 1.1 and following GS-9620 dose 1.9 (i.e., 18 weeks after dose 1.1 pretreatment samples were collected). Because heterogeneous tissue specimens collected via biopsy can be subject to sampling differences, we determined vDNA levels in tissues collected at 2 time points separated by only 24 hours, a time period during which total vDNA levels would not be expected to change substantially. For each of the 3 tissue types collected, we did not measure any declines or increases in vDNA levels that were consistent or maintained between 24 hours and 48 hours after dose 1.9 for either treatment group (Figure 8) , consistent with the view that any measured differences between the dose 1.1 pretreatment samples and samples collected after dose 1.9 are likely driven by differences in sampling relatively small amounts of heterogenous tissues.
Immune response boosting by TLR7 agonist dosing. Borducchi and coworkers recently showed TLR7 agonist-induced boosting of vaccine-induced antiviral immune responses in SIV-infected, cART-suppressed macaques that received therapeutic Ad26/MVA-vectored vaccination (57) . In addition, although antiviral immunity was not formally evaluated, the apparent reductions in viral reservoirs in the TLR7 agonist-treated animals reported by Lim and colleagues (39) are suggestive of possible enhancement of antiviral immune responses in TLR7 agonist-treated animals. To determine if GS-9620 enhanced antiviral immune responses in our animals, we evaluated CD8 + T cell responses to SIV Gag and accessory gene (Nef, Rev, Tat, Vif, Vpr, and Vpx) peptide pools by ex vivo intracellular cytokine staining assays. CD8 + T cells collected prior to infection, prior to cART initiation (13 dpi), prior to GS-9620 dose 1.1 (75 weeks after infection), after dose 1.9, and after dose 1.12 were evaluated. For each of the cytokines measured, responses to both Gag and accessory gene products were negligible at each of these time points after infection and were indistinguishable from background responses measured for cells collected prior to infection ( Figure 9A and Supplemental Figure 7) . These results suggested that GS-9620 administration did not enhance antiviral CD8 responses while the animals were on cART. Because the study animals were initiated on antiretroviral therapy early after infection (day 13) and maintained on cART for a long duration (75 weeks) prior to the first GS-9620 administration, antiviral CD8 responses may not have had adequate time to develop to sufficient levels or been exposed to sufficient viral antigen to be maintained during extended cART at sufficient levels to be measurably boosted when GS-9620 dosing was initiated. To test this hypothesis, animals were first maintained on cART for another 40 to 41 weeks following GS-9620 dose 1.12, at which point they initiated a second round of GS-9620 dosing comprising five 0.15-mg/ kg doses administered once every 2 weeks (doses 2.1-2.5). Antiretroviral therapy was discontinued concomitant Figure 4 . Increased plasma cytokine concentrations following GS-9620 administration. Shown are the concentrations in plasma prior to (Pre) and at 24 hours following the indicated doses of GS-9620 for 3 cytokines that were upregulated following GS-9620 administrations. Across the samples collected immediately prior to each dose, there were no significant differences between the GS-9620-treated animals (red plots) and the control animals (blue plots). Across the samples collected at 24 hours after each dose, plasma concentrations of all 3 cytokines were significantly higher in the GS-9620-treated animals than in the vehicle controls. *P < 0.015; **P < 0.001.
with the third dose (dose 2.3) to allow virologic rebound and the production of viral antigen to stimulate the generation of measurable antiviral immune responses. PBMC samples were studied by intracellular cytokine staining. For each of the cytokines evaluated, there were no differences between the GS-9620-treated and control groups across all of the time points sampled before cART release. In contrast, IFN-γ, TNF-α, and CD107a CD8 + T cell responses to viral accessory genes products were significantly elevated in the GS-9620 animals compared with the control animals during the off-cART phase of the study ( Figure 9A ), though this was not the case for responses to Gag (Supplemental Figure 7) . Consistent with the difference being driven by immune responses being boosted within the GS-9620-treated animals, the IFN-γ, TNF-α, and CD107a CD8 + T cell responses to viral accessory genes products within the GS-9620-treated animals were significantly higher during the offcART phase of the study compared with prior study time points within the same animals, while there were no differences in the antiviral immune responses in the control animals prior to and following cART release.
Viral rebound. No pVL blips were measured within the 36 weeks preceding cART discontinuation, including within the first 48 hours following any of doses 2.1 to 2.3, which were administered while the animals were still on cART or concomitantly with the final dose of cART. Antiretroviral therapy was discontinued after 144 weeks of treatment. Despite early cART initiation with prolonged treatment, pVLs rebounded to quantifiable levels in all 6 animals within 4 weeks of cART withdrawal ( Figure 9B ). During the first 4 weeks of off-cART viremia, peak rebound viral loads ranged from 2.6 × 10 3 to 6.2 × 10 6 vRNA copies/ml plasma. Thereafter, pVLs in 4 of 6 animals were largely maintained below 10 4 vRNA copies/ml for 24 weeks of follow-up, while they exceeded 10 6 vRNA copies/ml in the remaining 2 animals. Although antiviral CD8 + T cell responses were higher in the GS-9620-treated animals ( Figure 9A ), there was no evidence of enhanced virologic control in these animals ( Figure 9B ). Two of four GS-9620-treated animals and two of two vehicle control-treated animals demonstrated reduced off-cART viral loads, while the remaining two GS-9620-treated animals had elevated viral loads. Vehicle control animal ZH37 had , and rectal (bottom) tissue for all 6 study animals prior to the first dose of GS-9620 (Before) and at 24 hours and 48 hours following dose 1.9 for GS-9620-treated animals (red plots) and vehicle control animals (blue plots). . For A-D, GS-9620-treated animals are shown with red plot symbols and vehicle control animals are shown with blue plot symbols. Significant differences between GS-9620-treated and control animals across the 24-hour and/or 48-hour time points for individual measurements are indicated with an asterisk (P < 0.02). There were no significant differences between the groups for any of the measures across the pretreatment time points or any measurements/time points not indicated with an asterisk. At 24 hours, there was a trend toward elevated CD38 + CD4 + T cell percentage in the GS-9620 treatment group (P = 0.073).
particularly blunted early off-cART viral replication kinetics, with viral loads maintained below 10 3 vRNA copies/ml for the first 10 weeks off cART. These results suggest that the timing of cART initiation and animal-specific host factors were primarily responsible for viremia levels after cART was withdrawn.
Discussion
Because of both their adjuvant-like potential to boost immune responses and their ability to induce the expression of HIV-1 in vitro and ex vivo, TLR7 agonists, such as GS-9620 and GS-986, have been viewed as particularly promising agents for HIV reservoir elimination (40, 58) . Accordingly, GS-9620 is currently being evaluated in clinical trials for safety and residual virus elimination both in HIV-1-infected controllers (NCT03060447) and in those on suppressive cART (NCT02858401). Three recent studies have reported on the administration of GS-9620 and/or GS-986 to SIV/SHIV-infected animals receiving suppressive cART, with apparently disparate findings regarding induction of virus expression (39, 57, 59 ). The first of these studies involved the administration of GS-986 or GS-9620 to SIVmac251-infected rhesus macaques started on cART 65 dpi and maintained on suppressive therapy for approximately 1 year before the initiation of TLR7 agonist dosing (39) . Following several doses of TLR7 agonist that did not induce plasma vRNA blips, subsequent doses of GS-986/9620 were associated with transient plasma virus blips that reached levels between 500 and 1,000 vRNA copies/ml within 24-48 hours of dosing. While the biological mechanisms underlying the production of these virologic blips were not elucidated, the induction of elevated plasma viremia suggested latent viral genome reactivation and/or increased expression from cells already producing low amounts of virus (i.e., "active viral reservoirs"). Intriguingly, this study also demonstrated immunomodulatory effects of TLR7 agonist administration, including T cell activation, and reported reductions in vDNA levels and apparent virologic remission in a small subset of treated animals. Although antiviral immune responses were not formally evaluated, the data suggest that TLR7 agonist treatment resulted in the induction of virus production from a substantial fraction of cells harboring replication-competent genomes with concomitant boosting of existing antiviral immune responses or de novo generation of responses to enable the clearance of these virus-producing cells.
While two other studies by Borducchi and coworkers, one in SIVmac251-infected animals (57) and one in SHIV-SF162P3-infected animals (59) , similarly reported T cell activation and other immunomodulatory effects of TLR7 agonist administration, plasma virus induction following TLR7 agonist dosing was not observed in either case. This apparent difference in the observed virologic response to TLR7 agonist treatment may have been due to differences in time to initiation of cART following virus infection, length of time on cART, and pVL assay sensitivities. In both of the Borducchi et al. studies, animals were started on suppressive cART very early after infection and during viral load ramp-up (7 dpi) and were monitored using a pVL assay with a higher reported threshold sensitivity (200 vRNA copies/ml) than that used by Lim et al. (39) (50 vRNA copes/ml). Under these study conditions, even if reactivated, the established viral reservoirs may have been too small to produce sufficient amounts of virus to be measured by the pVL assay used. Cell-associated vRNA levels, which may be a more sensitive measure of virus expression, were not evaluated in either early treatment study.
We designed our study to more carefully examine the virologic response to TLR7 agonist administration. Here, the study animals initiated suppressive therapy at 13 dpi, or approximately peak viremia, a time point intermediate to that used in prior studies and at which initial seeding of the viral reservoir is substantially complete (60) . Antiretroviral therapy was then maintained for approximately 1.5 years before TLR7 agonist dosing. This timing and duration of cART were utilized to allow for the potential seeding of larger and more widely disseminated viral reservoirs than those established in the Borducchi et al. day 7 cART treatment studies (57, 59) , while also ensuring that durable virologic suppression to <15 vRNA copies/ml had been established at the time of TLR7 agonist treatment. We additionally administered GS-9620 at a higher dose (0.5 mg/kg) than the highest dose of GS-9620 (0.15 mg/kg) or GS-986 (0.3 mg/kg) used in the prior studies. GS-9620 administration had clear immunomodulatory effects in our animals, confirming delivery of bioactive levels of drug. These changes were transient with relatively rapid kinetics, peaking within 24 hours and largely resolving by 48 hours to baseline levels. Multiple ISG mRNAs were significantly upregulated in PBMCs following GS-9620 administration. Among these ISGs, ISG15 expression increased the most dramatically, with RNA expression levels approximately 100-fold higher on average at 24 hours after dose than immediately prior to GS-9620 administration. Transient ISG15 upregulation following GS-9620 treatment was also identified at the protein level by immunohistochemical staining in key tissue sites of viral replication and reservoir establishment, such as LNs and upper and lower GI tract (48, 55) , confirming drug activity in tissues as well as in the blood. Similar to results reported in the Lim and Borducchi studies (39, 57, 59), we also measured nonspecific activation of T cell and NK cell populations following TLR7 agonist administration. Intriguingly, we additionally saw significant transient declines in the absolute counts of CD8 + T cells and NK cells in blood 24 hours following GS-9620 dose. Most dramatic were the changes observed in circulating M/M populations following GS-9620 treatment. Within 24 hours of TLR7 agonist administration, we noted a striking decline in the frequency of M/M cells expressing CD56 with a concomitant, marked increase in CD16 (i.e., FcγRIII) expression. This intriguing upregulation in FcγRIII may suggest a possible mechanism for enhancement of antibody-mediated reservoir reduction (59) . The plasma concentrations of several cytokines, including IFN-α, were also significantly upregulated following GS-9620 administration. These increases in plasma IFN-α concentration were likely due to the relatively high doses of GS-9620 used in this study (47, 61) . Previous studies in humans and animal models have shown that reduced doses of GS-9620 can induce increases in the expression level of ISGs without mea- + T cells collected at the indicated time points and stimulated with a peptide pool derived from SIV accessory genes. Within the GS-9620-treated animals, the frequency of stimulated cells expressing each of the 3 cytokines was significantly higher after cART release than before cART release (*P < 0.01). Within the control animals, the frequency of stimulated cells expressing each of the 3 cytokines prior to and after cART release was not significantly different. Prior to cART release, the frequency of stimulated cells expressing each cytokine was not significantly different between the GS-9620-treated and control animals, but after cART release, the frequency was significantly higher in GS-9620-treated animals compared with control animals (**P < 0.03). (B) Plasma viral loads prior to and following cART discontinuation. Red arrows indicate GS-9620 administrations at 0.15 mg/kg (doses 2.1 to 2.5). CART was discontinued after 144 weeks of treatment (time point 0). For A and B, GS-9620-treated animals are shown with red plots and vehicle control animals are shown with blue plots. surable systemic IFN induction (46, 47) ; such doses of GS-9620, which do not induce increases in systemic IFN-α, are likely to be more desirable for clinical application of GS-9620 than the elevated doses used here.
Despite clear evidence of robust pharmacodynamic activity of GS-9620 in our animals, including upregulation of the IFN-α and IFN pathways previously shown in ex vivo experiments to be required components of TLR7 agonist-mediated viral reactivation (40) , frequent pVL monitoring using a highly sensitive pVL assay (quantification limit 15 vRNA copies/ml) did not reveal any increases in pVLs associated with GS-9620 administration. We also quantified cell-and tissue-associated vRNA and vDNA levels. In agreement with our pVL assay results, we did not measure any apparent increases in the vRNA/vDNA ratio, a presumptive measure of viral gene expression, in PBMCs, LNs, duodenum, or rectum.
Rare, non-GS-9620-associated pVL blips were readily detectable in our animals, as was cell-associated vRNA, suggesting that the established reservoir of infected cells in our animals was large enough to produce amounts of vRNA that would be detectable, if induced, using our assays. Moreover, the cell-and tissue-associated vDNA levels established in our animals were comparable to those reported in the animals that initiated cART during chronic infection in the Lim et al. study (39) . Taken together, these findings suggest that robust virus induction by TLR7 agonists may be a function of the qualitative nature of the viral reservoirs present at the time of TLR7 agonist administration, which may in turn be a function of the timing and duration of suppressive therapy. We have found that the stable suppression of pVLs to levels below the detection limit of sensitive viral load assays in SIV-infected animals that initiate cART during the early chronic phase of infection may require a protracted duration of treatment (62) (63) (64) . Thus, although the pVLs in the Lim et al. study animals were stably suppressed to <50 vRNA copies/ml, it is possible that the residual infected cell population in these animals comprised a significant proportion of so-called "active reservoirs" (i.e., those cells that are actively expressing viral gene products). This possibility is indirectly supported by the striking magnitude of virus induction identified by Lim et al., where pVLs increased by >10-fold following TLR7 agonist treatment (39) . By contrast, the magnitude of virus induction in cultures of PBMCs from well-suppressed HIV-infected people treated ex vivo with GS-9620 were relatively modest (~2-fold) (40) . Alternatively, the TLR7 agonist-induced virus expression reported by Lim et al. may reflect enhancement of or synergy with residual immune activation and inflammation processes that had not yet fully returned to baseline levels, given the timing and duration of cART. Further studies conducted in animals with varying start times after infection and durations of cART will be required to more clearly define the interplay between apparent TLR7 agonist-induced virus induction and the qualitative nature of the residual viral reservoir.
Although our study does not provide evidence to support a role for robust GS-9620-mediated induction of virus expression, we do provide additional evidence for GS-9620-mediated enhancement of antiviral immune responses, broadly consistent with the previously reported boosting of Ad26/MVA vaccine-induced immune responses (57) . Although these elevated immune responses were not able to effect evident improvement in the degree of off-cART virologic control, our experiment was not optimally designed to test this question. Intriguingly, we did not observe immune response boosting during the first 12-dose course of GS-9620, perhaps due to the early initiation and prolonged duration of cART that preceded GS-9620 treatment and the associated negligible immune responses present in our animals. Although the Lim et al. study did not directly evaluate antiviral immune responses, the apparent decline in vDNA and viral remission reported for a subset of animals is suggestive of GS-9620-induced enhancement of preexisting potent immune responses capable of mediating reservoir reduction/clearance (39). We did not measure any declines in vDNA in blood or tissues associated with TLR7 agonist treatment, and plasma viremia rebounded in all 6 of our study animals within 4 weeks of cART discontinuation. This raises the possibility that a longer period of unsuppressed viral replication or therapeutic vaccination (57) may be required to develop an antiviral immune response that can be enhanced by TLR7 agonist treatment. Prolonged treatment with cART initiated at time points very early after infection may therefore have the paradoxical effect of limiting the size of the established viral reservoir while also limiting the potential effectiveness of therapies such as TLR7 agonists, because the "boost-able" immune response may be absent or too small to meaningfully enhance. However, a potential mechanism for complete clearance of all replication-competent viral genomes, including those that are truly latent and may not be reactivated by TLR7 agonist treatment, such as those established in our animals, remains unclear. Additional studies that further probe the relationship between response to TLR7 agonist treatment and the timing of cART initiation and duration, reservoir size, degree of virologic suppression as assessed using highly sensitive assays, and immune response development at the time of TLR7 agonist treatment will further our understanding of TLR7 agonist activity and its potential clinical utility.
Methods
Animals and treatment. Six male, purpose-bred, Indian-origin rhesus macaques (Macaca mulatta; ages 2.6-4.2 years at the time of initial virus infection) were housed at the NIH and cared for in accordance with American Association for the Accreditation of Laboratory Animal Care (AAALAC) standards in an AAALAC-accredited facility (Animal Welfare Assurance A4149-01). At the start of the study, all animals were free of cercopithecine herpesvirus 1, SIV, simian type-D retrovirus, and simian T lymphotropic virus type 1. Animal ZH34 possessed the Mamu-A*01 MHC class I allele, and animal ZI69 possessed the Mamu-B*08 MHC class I allele; the remaining animals were negative for MamuA*01, -B*08, and -B*17. Animals were intravenously inoculated with SIVmac239X (provided by Brandon Keele, Frederick National Laboratory) (41) and started on cART as previously described (42) . At approximately 48 weeks after cART initiation, the dosage of FTC in the triple coformulation was reduced from 50 mg/kg to 40 mg/ kg and was maintained at this level throughout the remainder of the cART treatment phase of the study. GS-9620 and vehicle control administrations were performed via oral gavage to sedated animals. GS-9620 treatment group animals received GS-9620 at 0.15 mg/ml/kg body weight (doses 1.1, 1.2, and 2.1 to 2.5) or at 0.5 mg/ml/kg body weight (doses 1.3 to 1.12), while vehicle control group animals instead received an equivalent volume of drug vehicle (0.005% propyl gallate in water). All animals received cART for 144 weeks. The final dose of cART was administered on the same day as GS-9620 (or vehicle control) dose 2.3. LN biopsies, duodenal pinch biopsies, and rectal pinch biopsies were collected 2 weeks prior to the first dose of GS-9620 (dose 1.1) and at 24 hours and 48 hours following dose 1.9.
Sample collection and preparation. Whole blood, LN biopsies, and duodenal and rectal pinch biopsies were collected from sedated animals. Endoscopic duodenal pinch biopsy specimens and rectal pinch biopsy specimens were obtained using biopsy forceps under endoscopic and direct visualization, respectively. Freshly collected LN, duodenal, and rectal tissue specimens were collected into tubes containing 4% paraformaldehyde or into empty tubes and snap frozen in liquid nitrogen and stored at -80°C. Plasma for vRNA quantification and cytokine concentration determinations and PBMCs for flow cytometric assays, functional intracellular cytokine staining assays, and cell-associated vRNA and vDNA quantification were prepared from blood collected in EDTA Vacutainer tubes (BD). Following separation from whole blood by centrifugation, plasma aliquots were stored at -80°C. PBMCs were isolated from whole blood by FicollPaque Plus (GE Healthcare) gradient centrifugation. Portions of isolated PBMC samples were cryopreserved viably or as dry cell pellets.
pVLs. For the first 50 weeks of the study, quantification of SIV RNA in plasma was performed using a qRT-PCR assay with a threshold quantification limit of 30 vRNA copies/ml, as previously described (63) . Thereafter, a qRT-PCR assay with a threshold quantification limit of 15 vRNA copies/ml was used, as previously described (65) .
Cell-associated viral loads. Cell-associated vRNA and vDNA levels in PBMCs and biopsy tissues were analyzed essentially as described, using quantitative PCR and RT-PCR assays targeting a conserved sequence in gag (66, 67) .
ISG expression. Relative ISG expression levels were determined by qRT-PCR-based expression array. Cell-associated RNA was extracted from thawed, previously cryopreserved PBMC pellets, each containing approximately 2 million cells, using the RNeasy Plus Mini Kit (Qiagen) according to the manufacturer's instructions. Extracted RNA was quantified by NanoDrop (Thermo Fisher) and quality checked by bioanalyzer using the RNA 6000 Nano kit (Agilent), according to the manufacturer's instructions. Extracted RNA (150 ng per sample) was next used to generate cDNA using the RT 2 First Strand Kit, with ISG sequences in the cDNA quantified by qPCR on an ABI 7500 real-timer PCR system using the Rhesus Macaque Type I Interferon Response RT² Profiler PCR Array with the RT² SYBR Green ROX qPCR Mastermix (Qiagen), all according to the manufacturers' instructions. Fold regulation was calculated by the ΔΔC T method using the RT 2 Profiler PCR Array Data Analysis webportal (https://www.qiagen.com/ us/shop/genes-and-pathways/data-analysis-center-overview-page).
Flow cytometric assays. Antibodies and reagents were obtained from BD Biosciences, unless indicated otherwise, and data analysis was performed using FCS Express (De Novo Software). Antibody panel validation and population gating were performed using fluorescence-minus-one and corresponding biological controls. For absolute cell counting, 50 μl EDTA-anti-coagulated whole blood was incubated for 20 minutes with the antibody panels listed below. + T cells were acquired for each sample using a BD LSR-II flow cytometer. To assess homing marker (CCR7 and CXCR5) expression, viably cryopreserved PBMC samples were quick thawed at 37°C, washed, and incubated overnight at 37°C in RMPI 1640 supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin, and 1% L-glutamine. Cells were then stained with CD3 APC Cy7 (SP34-2), CD4 Pacific Blue (OKT4, BioLegend), CD8a PerCP Cy5.5 (SK1), CCR7 PE Cy7 (G043H7, BioLegend), CXCR5 APC (MU5UBEE, ebioscience) and Live/Dead fixable blue (Invitrogen) for 20 minutes and then fixed and acquired on a BD LSR Fortessa X-20.
Intracellular cytokine staining. Antibodies were obtained from BD Biosciences unless otherwise indicated. 10 6 quick thawed, cryopreserved PBMCs were stimulated for 8 hours at 37°C with a pool of 2 μg/ml overlapping 15mer SIVmac239 accessory (nef, rev, tat, vif, vpr, and vpx) or gag peptides (AIDS Reagent Program, Division of AIDS, NIAID, NIH) in the presence of CD107a BV785 antibody (H4A3, BioLegend). Phorbol 12-myristate 13-acetate with Ionomycin (MilliporeSigma) or DMSO were used as positive and negative controls, respectively, and brefeldin A (MilliporeSigma) mixed with GolgiStop (BD) was added after 1 hour to block protein transport. Immediately following the 8 hours incubation, samples were placed at 4°C until staining. Samples were surface stained with Yellow Fluorescent Reactive Dye (to exclude dead cells, Invitrogen), CD4 Pacific Blue (OKT4, BioLegend), CD28 ECD, CD95 PE-Cy5, and CD8α PE-Cy7; lysed; fixed; and permeabilized as described above and then incubated with CD3 APC-Cy7, IFN-α FITC (B27), MIP-1β PE (D21-1351), TNF-α BV711 (MAb11, BioLegend), and IL-2 APC (MQ1-17H12). Approximately 200,000 live CD3 + T cells were acquired for each sample using an HTS-equipped BD LSR-II cytometer. Plasma cytokine measurements. Thawed plasmas were analyzed for cytokine/chemokine levels by custom primate 8-plex (Bio-Plex Multiplex Immunoassay, Bio-Rad) per manufacturer's instructions, which included measurements for the following cytokines and chemokines: IL-1RA, IL-6, IL-8 (CXCL8), CXCL11, MCP-1 (CCL2), RANTES (CCL5), TNF-α, and sCD40L. IFN-α plasma levels were determined by cynomolgus/rhesus specific ELISA per manufacturer's instructions (PBL Assay Science).
Tissue staining. ISG15 (rabbit anti-ISG15, HPA004627; Sigma-Aldrich) immunohistochemical staining was performed on formalin-fixed, paraffin-embedded LN, duodenal, and rectal tissues sections of 5 μm as previously described (68) . All slides were scanned at high magnification (×200) using the ScanScope CS or AT2 System (Aperio Technologies). Regions of interest (500 × 500 μm) were identified and high-resolution images were extracted from these whole-tissue scans. The percentage area of ISG15-positive staining was quantified using Photoshop CS5, Noiseware 5 (Imagenomic) for noise reduction, and Fovea Pro beta 5 (Reindeer Graphics) image analysis tools.
Statistics. Data in this study were analyzed with longitudinal repeated-measures ANOVA (69), linear mixed-effects models (70) , and regression analysis. Immune cell subset (CD8 + , CD4 + , NK, etc.) data for 4 GS-9620-treated and 2 vehicle control animals were recorded for varying numbers of occasions, within multiple treatment phases. Repeated-measures analyses (in which the "repeated" measurements are recorded for the same animal on more than one occasion) and mixed-effects models take into consideration the correlation/covariation of responses within the same animal over time. Mixed-effects models were used to compare GS-9620-treated and vehicle control groups, adjusting for within-animal covariation and also correcting for heterogeneity between groups. Assumptions for homogeneity of variance/covariance between GS-9620-treated and vehicle control animals were routinely tested and satisfied. For analyses of shifts in phases, factors in the experimental setup -animals, occasions, phases, occasions within phases, etc., -were partitioned into orthogonal components. Expected values of the factor mean squares were computed and correct variance ratios were calculated to test for questions of interest, in particular, for differences among phases across time (69) . P values of less than 0.05 were considered significant.
Study approval. All work involving research animals was conducted under a protocol approved by the Institutional Animal Care and Use Committee of the National Cancer Institute (protocol AVP-035) and adhered to the standards of the Guide for the Care and Use of Laboratory Animals (National Research Council, 2011) in accordance with the Animal Welfare Act.
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